Follistatin-like 3 (FSTL3) is a glycoprotein that binds and inhibits the action of TGF␤ ligands such as activin. The roles played by FSTL3 and activin signaling in organ development and homeostasis are not fully understood. The authors show mice deficient in FSTL3 develop markedly enlarged testes that are also delayed in their age-related regression. These FSTL3 knockout mice exhibit increased Sertoli cell numbers, allowing for increased spermatogenesis but otherwise showing normal testicular function. The data show that FSTL3 deletion leads to increased AKT signaling and SIRT1 expression in the testis. This demonstrates a cross-talk between TGF␤ ligand and AKT signaling and leads to a potential mechanism for increased cellular survival and antiaging. The findings identify crucial roles for FSTL3 in limiting testis organ size and promoting age-related testicular regression.
S
urvival and maintenance of species depend on testicular development and regression timed to maximize reproduction. In most mammals, testicular size is correlated with fertility, and in humans, reduced testicular size or microorchidism is linked to infertility (1) . Testicular regression is of particular importance to seasonal breeding animals (2) because this helps restrict reproduction, which demands great energy, to favorable times of the year. Testicular regression is also seen more generally with aging. Indeed, maintaining full fertility beyond the normal reproductive age risks accumulation and propagation of mutations in the germ cell genome (3, 4) . Therefore, an age-related decline in testicular function and fertility is important. Despite the crucial role played in species propagation and preservation by the processes of testicular growth and regression, the cellular mechanisms that regulate them remain largely unknown.
In mammals, testis development initiates with the SRY-driven differentiation of Sertoli cells, which provide a niche for germ cell and steroidogenic cell recruitment and development (5) . Sertoli cells proliferate through the second half of gestation and early neonatal life. They become mitotically quiescent shortly before puberty but are then maintained in number and continue to provide an environment for ongoing germ cell development throughout the adult reproductive life. Thus, the number of Sertoli cells in a testis is a tightly controlled key determinant of the extent of spermatogenesis (germ cell production) in the testis. Additionally, increasing Sertoli cell number and spermatogenesis beyond the normal and optimal requirement is likely to come at a metabolic cost with no added benefit to the animal.
Along with trophic and steroid hormones, activin and other TGF␤ superfamily ligands play crucial local roles during the development and maintenance of the testis and testicular function (6) . The TGF␤ ligand signaling system comprises ligand binding-dependent activation of membrane-bound heterotetrameric receptor complexes that directly phosphorylate and activate DNA binding transcription factors. Of the TGF␤ factors expressed in the testis, activin is specifically inhibited by follistatin-like 3 (FSTL3), an endogenous glycoprotein also expressed in the testis (7, 8) .
Here we have investigated the effects of FSTL3 deletion, and thus a misregulation of activin signaling, on testicular development and function to identify the role of this pathway in organ development, homeostasis, and longevity.
Materials and Methods

Mice
Fstl3 gene-deleted (FSTL3 KO) (9) and wild-type (WT) mice (C57BL/6) were maintained at 14:10 light-and-dark cycles. All animal studies complied with US Department of Agriculture (Protocol Number: 2005N000131/2) or UK Home Office guidelines (Project License: PPL 70/6424).
Histology and histomorphometry
Testes were isolated from mice of different ages and fixed in 4% paraformaldehyde (for immunohistochemistry) or Bouin's fixative (for histology, histomorphometry, and stereology) overnight, processed for paraffin embedding, microtome-sectioned at 6-m thickness, stained with hematoxylin and eosin, and imaged with a microscope. For measurement of seminiferous tubule size distribution, Adobe Photoshop size measurement tools were used on microscope images to measure the shortest diameter of seminiferous tubules of circular cross-section. Obliquely sectioned tubules were excluded from analyses.
Stereology
Stereology was performed as described previously (10) . Briefly, testes were embedded in Technovit 7100 resin, cut into 20-m sections, and stained with Harris' hematoxylin. The optical dissector technique (11) was used to count the number of Leydig, Sertoli, and germ cells in each testis. Sertoli and germ cells were identified by their distinctive nuclei and position within the tubule, whereas the Leydig cells were identified by their position within the interstitial tissue and their round nuclei and prominent nucleoli, as described previously (10) . The numerical density of each cell type was estimated using an Olympus BX50 microscope fitted with a motorized stage (Prior Scientific Instruments, Cambridge, United Kingdom) and Stereologer software (Systems Planning Analysis, Alexandria, Virginia).
Immunofluorescence and immunohistochemistry
Immunolocalization was performed as described previously (9) . Briefly, paraffin-embedded tissue sections were dewaxed in xylenes and rehydrated, and antigen was retrieved with 0.01 M sodium citrate buffer. The sections were incubated in PBS containing 0.1% Triton X-100 for 20 minutes and washed and incubated in 10% horse serum in PBS for 1 hour at room temperature. Sections were incubated with primary antibodies at recommended dilutions at 4°C overnight. The primary antibodies used were rabbit polyclonal antibodies against phospho-SMAD2 (pSMAD2; Millipore, Billerica, Massachusetts), AKT and SIRT1 (Cell Signaling Technology, Beverly, Massachusetts). For double immunofluorescence using pSMAD2 (Millipore) and SIRT1 (Cell Signaling Technology) rabbit polyclonal antibodies, the staining was performed sequentially as described before (12) . First, SIRT1 antibody was probed with Alexa Fluor 594 conjugated goat antirabbit IgG (Invitrogen, Grand Island, New York) followed by extensive washes and then incubation with pS-MAD2 antibody, probed with Alexa Fluor 488 conjugated goat antirabbit IgG (Invitrogen). Sections were mounted using fluorescent mounting medium (Vector Labs, Burlingame, California) and photographed using a Leica DM4000B fluorescence microscope (Leica Microsystems, Wetzlar, Germany). Appropriate controls to address specificity of secondary antibodies and experiments with single antibodies were also performed to ensure double immunolocalization was not an artifact. For immunohistochemical detection, the sections were processed with an antirabbit Vectastain Elite ABC kit (Vector Labs) and NovaRed substrate kit (Vector Labs).
Microdensitometry
Serial 6-m sections of WT and FSTL3 KO mouse testes were immunohistochemically labeled for detection of phospho-SMAD2, as described above. Labeling intensity was measured in cells located at the periphery (early, E) and intermediate and central (late, L) zones of seminiferous tubules using a Vickers M85A scanning and integrating microdensitometer at 550 nm (Vickers Limited, York, United Kingdom) (13) . At least eight cells in each zone, in multiple tubules, in each of five sections from WT and FSTL3 KO mouse testes were evaluated.
Flow cytometry
Flow cytometric analyses of testicular cells were performed as described previously (14) . Briefly, testes were dissected, decapsulated, and incubated in 0.25-mg/mL collagenase type 3 (Sigma, St Louis, Missouri) at 32°C for as long as 30 minutes with agitation. Dispersed tubules were washed twice in PBS and incubated with 0.25 mg/mL trypsin (Gibco-BRL, Grand Island, New York) and 1 mg/mL DNaseI (Sigma) at 32°C for 10 minutes with agitation. Trypsin digestion was terminated by adding an equal volume of DMEM containing 10% fetal bovine serum (DMEM/ FBS). Digested tubules were collected by centrifugation and resuspended by gentle trituration in DMEM/FBS to obtain a singlecell suspension. This was filtered through a 50-m mesh (Costar Inc, Corning, New York), stained with trypan blue and counted in a hemocytometer. Germ cell suspensions were stained with propidium iodide (PI) for DNA content and nuclear size analysis. Then 2 ϫ 10 5 cells were rinsed once with balanced salt solution, resuspended in 0.2 mL cold PI staining solution (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Nonidet P40, 10 g/mL RNaseA, and 50 g/mL PI), vortexed for 2 to 3 seconds and incubated on ice for 10 minutes to lyse the plasma membrane and stain nuclear DNA. Nuclear size and complexity and DNA content were de-termined on a BD Canto II analyzer (Becton Dickinson, Franklin Lakes, New Jersey) with PI detected in the phycoerythrin channel with linear amplification. The forward scatter and side scatter profiles were gated as described before (14) to identify germ cell populations.
RNA expression data mining
Gene expression omnibus data sets were searched for gene expression during mouse spermatogenesis, and the spermatogenesis and testis development time course (MG-U74B) data set was selected as the primary data source. Data between two time points during testis development were compared, and significantly altered mRNA were identified using a two-tailed t test with a significance level of P Ͻ .05. Genes expressed differentially during the time windows of 0 to 14, 20 to 35 and 20 to 56 days (corresponding to somatic expansion, first wave of spermatogenesis, and spermatogenesis to postpubertal development, respectively) in comparison with the rest of the time windows were thus identified.
Quantitative proteomics
Briefly, WT and KO testes were lysed and the lysates sonicated in urea containing lysis buffer. Equal amounts of these lysates were reduced and alkylated, then digested with trypsin. Tryptic digests were desalted, and peptides were labeled with normal (no isotope label) for WT or heavy (d6) for FSTL3 KO dimethyl groups (15) . WT and KO peptides were then mixed and separated by reverse phase liquid chromatography and detected in a hybrid dual-cell quadrupole linear ion trap-orbitrap mass spectrometer (LTQ Orbitrap Velos, Thermo Fisher Scientific Products, Waltham, Massachusetts) using a data-dependent Top 20 method. After acquisition of mass spectrometry data, image file format RAW files were processed with software developed in-house. Tandem mass spectrometry (MS/MS) spectra were searched against a composite database containing the mouse International Protein Index database and reversed "decoy" versions of these proteins using the SEQUEST algorithm. Peptide quantification was performed using the VISTA algorithm. Additional details are provided in the Supplemental Materials published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org.
Testis Explant Cultures
Wild-type mice were euthanized using CO 2 , and testes were dissected using aseptic techniques. Dissected testes were detunicated, rapidly divided into six parts using sharp tweezers, washed in OptiMEM (Gibco-BRL, Grand Island, New York) containing antibiotics, and gently teased to loosen tubules. These were then cultured in OptiMEM in the presence or absence of either 25 ng/mL activin (PeproTech, Rocky Hill, New Jersey) or 100 ng/mL FSTL3 (R&D Systems, Minneapolis, Minnesota) for 16 hours at 32°C. At the end of treatment, protein lysates were prepared from these cultured testis explants.
Preparation of tissue lysates and Western blotting
Frozen tissue samples were pulverized in dry ice and homogenized in lysis buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 150 mM NaCl, 20 mM NaF, 10 mM Na 2 P 2 O 7 , 1 mM Na 3 VO 4 ) supplemented with a mixture of protease inhibitors (Complete Mini, Roche Applied Science, Indianapolis, Indiana). Fresh tissue was directly placed in lysis buffer and homogenized. This homogenate was then sonicated at low power to shear chromosomal DNA and centrifuged to remove debris. Protein concentrations were estimated using a Bradford colorimetric assay (BioRad Laboratories, Hercules, California). Fifty micrograms total protein lysate was loaded on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and size-separated using constant current. After electrophoresis, proteins were transferred from gels to pure nitrocellulose membranes (Little Chalfont, Buckinghamshire, United Kingdom) and efficiency of transfer assessed by Ponceau-S staining. The membranes were then washed in TBST (50 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween 20) and incubated with blocking buffer (5% nonfat dry milk in TBST) at room temperature for 1 hour. Protein blots were incubated with primary antibodies (used at recommended dilutions in blocking buffer) overnight at 4°C. Membranes were washed three times with TBST and incubated with appropriate horseradish peroxidase conjugated secondary antibodies (Sigma). The membranes were again washed four times, and immune complexes formed on the blot were visualized by enhanced chemiluminescence (ECL; Amersham Biosciences). Immunoreactive protein bands were analyzed using the public domain National Institutes of Health Image program (developed at the United States National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/). Of the AKT antibodies used in this study, pan-AKT antibody reacts to all three forms of AKT, and phosphoAKT antibody identifies AKT phosphorylated at Ser473.
Statistical analysis
Student paired two-tailed t test was performed using statistical analysis functions in Prism 3.0 (GraphPad, La Jolla, California) or Excel (Microsoft, Redmond, Washington). Differences between the comparison groups were considered statistically significant at P Ͻ .05.
Results
FSTL3 deletion increases testicular size and delays testicular regression
To identify the effects of FSTL3 deletion on the testis, we first compared testes from WT and Fstl3 gene-deleted (FSTL3 KO) (9) mice, and as shown in Figure 1 , A and B, FSTL3 deletion causes marked testicular enlargement. The increase in testicular size is not associated with any corresponding significant increase in epididymal sperm count ( Figure 1C ) or serum testosterone levels ( Figure 1D ). These findings suggest that the mechanisms involved in sperm output and endocrine regulation of steroidogenesis are intact in FSTL3 KO mice. Importantly, reproductive parameters (interlitter interval, litter size) are not altered in FSTL3 KO mice ( Figure 1, E and F) . In addition, histologic examination shows that testis structure in FSTL3 KO is grossly similar to that in WT, with no visible pathologies (Figure 2A, top row) . Therefore, FSTL3 deletion selectively increases the size of testes without affecting gross testicular structure or function.
It is possible that the increased testicular size in FSTL3 KO affects tissue homoeostasis mechanisms and therefore maintenance of testis size with age. To address this, testis weight was measured at different ages and, as shown in Figure 1G , is found to increase significantly during the first 7 mo of life and subsequently decrease during the next 9 mo in WT mice. In marked contrast, no significant change in testis weight is observed in FSTL3 KO mice between 4 and 16 mo ( Figure 1G ). Furthermore, we found that WT testes undergoing testicular regression in aged, 16-mo-old mice show an expected reduction in the pro- ) compared to wildtype (WT) mice at 3 mo (A) and 10 mo (B), respectively. Bar graphs showing epididymal sperm counts from 6-mo-old WT (n ϭ 10) and FSTL3 KO (n ϭ 10) mice (C); serum testosterone levels from agematched WT (n ϭ 10) and KO (n ϭ 22) animals (D); interlitter interval in days (d) (E) and litter size (F) in WT and KO mating pairs (n ϭ 4 pairs, 3-4 litters). Graph of paired testes weights plotted against mean age of WT and FSTL3 KO mice (G). Testes were significantly larger in KO mice than WT mice at all ages measured. Although WT mice show a decrease in testicular weight with age, such regression is not seen in the FSTL3 KO mice. Error bars ϭ SEM; a, b, *P Ͻ .05; c, ** P Ͻ .01; *** P Ͻ 10 portion of the seminiferous tubule compartment ( Figure  2A , left column). In contrast, structural integrity of the testis is maintained at 16 mo in FSTL3 KO mice ( Figure   2A , right column). These novel findings suggest that FSTL3 acts to restrict both the proliferation and longevity of testicular cells.
FSTL3 deletion increases Sertoli and germ cell numbers
Spermatogenesis in mice occurs as a wave along the length of the seminiferous tubule, so tubule thickness corresponds to the stages of spermatogenesis: constricted at initial stages and dilated at the final stages of spermatogenesis (16) . Testicular size is, in turn, dependent upon the total length of the seminiferous tubules. Because testicular architecture appears largely unaffected in FSTL3 KO mice, it is likely that the increased testicular size is attributable to greater total seminiferous tubule length and therefore more Sertoli cells and associated germ cells, the main components of the seminiferous tubules. Measurements of seminiferous tubule width distribution in 16-month-old mice ( Figure 2B ) revealed a greater number of tubules with increased width in FSTL3 KO mice, suggesting the possibility of increased spermatogenesis in the absence of FSTL3. Indeed, stereological analyses (10) show increased Sertoli and germ cell numbers in FSTL3 KO compared with WT mice, but there is no difference in Leydig cell numbers ( Figure 3A) .
To investigate whether the spermatogenic program is altered in FSTL3 KO testes, flow cytometry of whole testicular dispersates was performed. An analysis of the distribution of the different spermatogenic cell stages (14) reveals that there is no stage-selective modification in these populations of cells in FSTL3 KO testes (Figure 3 
Signaling pathways are altered in the testes of FSTL3 KO mice
Increased Sertoli cell number is therefore the underlying cause of increased testis size in FSTL3 KO mice. Genetic mouse models of FSH, testosterone, activin, and IGF1 action show that these factors affect Sertoli cell numbers (17) (18) (19) (20) . However, increased exposure to FSH, androgen, or activin does not increase Sertoli cell number (21) (22) (23) . To identify pathways that might underpin the increased Sertoli cell numbers in FSTL3 KO mice, we mined previously reported microarray RNA expression data and compared gene expression patterns between early (0 -14 d) and late (20 -35 and 20 -56 d) stages of testes maturation (Supplemental Figure  1) . This revealed that Igfbp3 and Igfbp5, encoding IGF binding proteins 3 (IGFBP3) and 5 (IGFBP5), respectively, are among genes that are expressed highly during early postnatal testicular development, a period when Sertoli cell expansion occurs, but have reduced expression at later stages. Because these proteins are critical negative regulators of IGF1 signaling, it is likely that the growth stimulatory effects of IGF1 are closely regulated during Sertoli cell expansion. Furthermore, IGF1 receptors are expressed in multiple cell types within the testis, including Sertoli cells (19) , making it likely that Sertoli cells will be prone to IGF1-dependent effects. Thus, a mechanism of restricting Sertoli cell proliferation within testes might include the curtailment of IGF1 signaling. It is possible, therefore, that increased Sertoli cell numbers in FSTL3 KO testes might arise from increased IGF1 signaling.
Consistent with a role for increased IGF1 action in the expansion of Sertoli cell numbers, we found that AKT, a known downstream effector of IGF1 signaling, exhibits increased levels of activation in FSTL3 KO testes ( Figure  4A antibody that identifies all AKT isoforms. A key promoter of the cell cycle is ␤-catenin which is targeted for proteasomal degradation upon phosphorylation by GSK3␤. AKT activation can maintain continued cell-division by phosphorylating and thus down-regulating GSK3␤ activity to block ␤-catenin degradation. Immunoblotting shows that GSK3␤ phosphorylation is increased, along with a concomitant increase in ␤-catenin levels, in FSTL3 KO compared with WT testes (Supplemental Figure 2 ). Immunohistochemistry reveals that the level of AKT expression, in terms of levels and localization, is similar in the WT and FSTL3 KO testes and is restricted to Sertoli and germ cells ( Figure 4C ). Thus, it appears that alteration of AKT activation is the crucial difference between WT and FSTL3 KO testes. Together these findings strongly suggest a putative role for IGF1-dependent increases in AKT activation in promoting Sertoli cell proliferation and spermatogenesis in the enlarged testes of FSTL3 KO mice. A possible mechanism for testicular regression is increased apoptosis of spermatogenic cells. To examine whether the observed lack of testicular regression in FSTL3 KO mice involves reduced levels of apoptosis, we monitored the extent of apoptosis by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays on testicular sections and found reduced apoptosis in FSTL3 KO compared with WT (Supplemental Figure 3) . To identify proteins that might be involved in blocking age-related testicular regression in FSTL3 KO mice, we used quantitative mass-spectrometry-based proteomics (15) . We identified 12 and 8 proteins that are significantly up-regulated and down-regulated, respectively, in FSTL3 KO mice testes compared with those of WT mice at 16 mo ( Figure 5 , Supplemental Table 1 ). It is likely that some of these candidate proteins are: involved in the maintenance of testis size and function or active in down-regulating testis size with age. Zyxin, which is known to play a key role in spermatogenesis by facilitating Sertoli-to-germ cell connections (24) , is among the proteins up-regulated in FSTL3 KO testes. Zyxin is known to interact with Sirtuin-1 (SIRT1) (25) , a protein promoting antiaging pathways (26) , which is necessary for spermatogenesis (27) . In addition, nuclear accumulation of zyxin and SIRT1 has been shown to promote cell survival, and AKT-mediated zyxin phosphorylation can repress apoptosis (28, 29) . Thus, we examined the expression of zyxin and SIRT1 in FSTL3 KO mouse testes. Confirming mass-spectrometry data, immunoblotting shows increased expression of zyxin and SIRT1 proteins in FSTL3 KO testes compared with those of WT ( Figure 4A ). These data are consistent with a role for zyxin and SIRT1 in blocking apoptosis and promoting cell survival, which likely contributes to the lack of age-related regression of the FSTL3 KO testis.
Examination of the zyxin (Zyx) and Sirt1 gene promoter regions identified canonical SMAD binding sites ( Figure 4D ), supporting the possibility that these genes are induced by activin. Increased activin signaling, reflected by our finding of increased SMAD2 activation in FSTL3 KO testes (Supplemental Figure 4) , might therefore result in increased expression of zyxin and SIRT1. Importantly, the extent of SMAD 1/5 phosphorylation was not altered in FSTL3 KO testes (Supplemental Figure 4) . Indeed, our immunofluorescent labeling reveals that SIRT1 is expressed in the same cells as phosphorylated SMAD2 in the testes ( Figure 6A ). In addition, although exogenous activin does not induce SIRT1 expression in WT testis explants, possibly because endogenous Sertoli cell-derived activin might produce maximal activation of the Sirt1 promoter, exogenous FSTL3 down-regulates SIRT1 expression, most likely by blocking the activity of endogenous activin ( Figure 6, B and C) . These data support the hypothesis that FSTL3 reduces activin-dependent SIRT1 expression in normal spermatogenic cells.
Discussion
Endogenous ligand inhibitors provide a means of modulating or restricting TGF␤ ligand signaling. Among these inhibitors, the glycoprotein FSTL3 binds and inhibits activin, myostatin, and GDF11. In the current study, we demonstrate that deletion of FSTL3 and thus removal of FSTL3-dependent inhibition of activin action has profound effects on the development of an activin and FSTL3 sensitive organ, the testis.
Deletion of FSTL3 not only increases testicular size but also prevents age-related testicular regression. This sug- gests that the roles played by FSTL3 and activin signaling in the testis extend from organ development to adult tissue homeostasis and are important in the determination of organ aging. We show that increased Sertoli cell numbers and an accompanying increase in germ cell numbers lead to increased testicular size in FSTL3 KO mice. However, the mere presence of Sertoli cells does not guarantee germ cell production. In support of this, transgenic overexpression of FSTL3 in the gonads results in male infertility because of the development of testes that contain seminiferous tubules with Sertoli cells but no germ cells (30) . In humans this "Sertoli cell only" pathology is associated with infertility (31) . In contrast, in the absence of FSTL3, we observe that both Sertoli and germ cell numbers are increased above normal levels and FSTL3 KO mice are fertile. Therefore, it is likely that a modulation of FSTL3 expression might be key to the regulation of Sertoli cell number and spermatogenesis. This finding is of crucial importance because induction of spermatogenesis in the adult is a plausible therapeutic avenue for male infertility caused by a deficiency in sperm production. Sertoli cell expansion in testes occurs before the initiation of spermatogenesis. The number of Sertoli cells is then maintained throughout testicular life. Sertoli cells act as "nurse" cells for spermatogenesis; therefore, the extent of spermatogenesis is dependent on the number of Sertoli cells. Thus, the maximal testicular size is dependent on the number of Sertoli cells present within the testis. The increased number of Sertoli cells in FSTL3 KO mice is congruent with an increase in Sertoli cell division or a delay or reduction in an inhibitory signal that curtails Sertoli cell division. Importantly, there is a known link between establishment of the blood-testis barrier (BTB) and the onset of mitotic arrest of Sertoli cells and subsequent spermatogenesis (32) . Experimental models to induce neonatal hypothyroidism that delay the onset of BTB formation (33) also prolong the Sertoli cell expansion stage, leading to increased numbers of Sertoli cells and consequently increased testicular size (34) (35) (36) . However, FSTL3 expression is low in the thyroid gland and has not been linked to thyroid gland activity. In addition, there is no observed delay in puberty in FSTL3 KO mice. Thus, it is unlikely that FSTL3 deletion affects BTB formation. It is more likely that signaling pathways altered by the direct effect of the absence of FSTL3 in the FSTL3 KO testis lead to increased Sertoli cell numbers, presumably within the normal Sertoli cell expansion stage. By data mining, we identified IGFBP3 and IGFBP5 as possible candidates that might normally limit Sertoli cell numbers. These proteins are known negative regulators of IGF1, a growth factor that can induce Sertoli cell proliferation. Moreover, under conditions in which Sertoli cell numbers become limited, for example in response to TNF␣, IGFBP3 is induced (37) . We demonstrate in this study that AKT activation, an event downstream of IGF1 action, is indeed increased in FSTL3 KO testis.
Increased AKT activation in the absence of FSTL3 may be the result of one or more altered signaling events. It is known that IGFBPs are targets of ADAM12 protease-mediated degradation, and there is evidence that FSTL3 can bind to, and presumably inactivate, ADAM12 protease (38) . Thus, in the absence of FSTL3, ADAM12-dependent IGFBP degradation might increase IGF1 signaling. Second, TGF␤ is known to activate miRNA 216a and 217, which lead to the degradation of phosphatase and tensin homolog (PTEN) (39) . Reduced PTEN can lead to increased AKT activation (39) . Because in the absence of FSTL3 activin action is induced and because TGF␤ and activin can signal via the same SMAD2/3-dependent transcription, it is possible that in activin target tissues in the FSTL3 KO mouse, such as the testis, PTEN is down-regulated, ultimately resulting in AKT activation. Most directly, increased activin-dependent ALK activation might, in addition to SMAD phosphorylation, lead to AKT activation. Although it will be interesting to monitor IGFBP and PTEN protein abundance during the early somatic expansion stage in FSTL3 KO testis, it has been shown that activin treatment of ovarian tumor cells can lead to AKT activation (40) .
Perhaps the most crucial effect of FSTL3 deletion on testicular function is the delay in age-related testicular regression. This phenotype suggests that FSTL3-mediated regulation of activin is imperative for limiting testicular function. Importantly, an increase in testicular size does not predicate delayed testicular regression. Before our description of the testicular phenotype of FSTL3 KO mice, two other genetic mouse mutants with increased testicular size compared with WT have been described: FMR1 KO (41) and aquaporin 8 KO (42) mice. Increased testicular size in aquaporin 8 KO mice is associated with an increased germ cell:Sertoli cell ratio (42) . This clearly contrasts to the phenotype in both FSTL3 KO and FMR1 KO mice, where testis enlargement is accompanied by increased Sertoli cell proliferation (43) . However, unlike FSTL3 KO mice, FMR1 KO mice exhibit normal agerelated testicular regression (44) . This indicates that an increase in testicular size is not necessarily linked to slower age-related regression and further highlights the unique role for FSTL3 in regulating testicular size and regression.
We used a mass-spectrometry-based quantitative proteomics approach to reveal a set of candidate proteins that might be actively engaged in limiting testis function, those down-regulated in FSTL3 KO, or involved in maintaining testis function, those up-regulated in FSTL3 KO. It is likely that some of these proteins, particularly those up-regulated in FSTL3 KO testis, are directly regulated by increased activin signaling. Although it will be important to identify the roles of these candidate proteins in regulating tissue homeostasis, specifically in the testis as well as more generally, we focused our studies on the protein zyxin. Zyxin is a multifunctional adaptor protein enriched in the Sertoli and germ cells of the testis (24) . It is a component of the actin-based adherens junction and microtubulebased desmosome-like junctions between Sertoli and germ cells (24) . Importantly, zyxin is a target of AKT, and phosphorylated zyxin can bind and inhibit the proapoptotic function of acinus. In addition, zyxin function is dependent on its interaction with SIRT1, a member of the mammalian sirtuin family of proteins that promote antiaging mechanisms (26) . Crucially, we found zyxin and SIRT1 expression and AKT phosphorylation significantly induced in the testis of aged FSTL3 KO mice in comparison with WT mice of the same age. AKT-dependent phosphorylation and thus inactivation of GSK3␤ and levels of ␤-catenin, normally targeted for degradation by GSK3␤, were also induced in FSTL3 KO mice. AKT-mediated maintenance of ␤-catenin promotes cell survival. Therefore, with activated AKT as a major signaling hub, subsequent pathways to promote cellular survival and reduce apoptosis are activated in FSTL3 KO testes.
The main signaling pathway altered in the absence of FSTL3 is, of course, increased activin action, the primary effect of which is prolonged or increased SMAD2 activation. Thus, a direct route of gene regulation will involve binding of phosphorylated SMADs 2 and 3, complexed with SMAD4, to SMAD binding elements on target genes. Very little is known about Sirt1 and Zyx gene regulation, although recent reports suggest roles for p53, CREB, and ChREB in the regulation of Sirt1 gene (45, 46) . The presence of canonical SMAD binding elements in the proximal promoter region of both Zyx and Sirt1 genes suggests that their expression might be induced upon SMAD binding. Our experimental data support this possibility; activated SMAD2 and SIRT1 are coexpressed within the same cells of the testes, and FSTL3 treatment down-regulates SIRT1 expression in testicular cells in vitro.
The current study demonstrates that the deletion of FSTL3 leads to increased Sertoli cell and associated germ cell numbers, increased testicular size, and lengthened testicular life. We propose a molecular mechanistic model (Supplemental Figure 5 ) in which increased activin, AKT, and SIRT1 action delay the age-related curtailment of testicular function and lead to prolonged spermatogenesis during aging in these mice. Activin normally promotes testicular function, and FSTL3 regulates the extent of activin action. In the absence of FSTL3, activin action is increased and AKT-dependent signaling is induced, either directly in response to activin binding to its receptors and a receptor-mediated signaling event or indirectly via a loss of FSTL3-mediated inhibitory actions. Therefore, AKT action-dependent cell survival mechanisms are induced: AKT-mediated phosphorylation and thus inhibition of GSK3␤ increases ␤-catenin, a promoter of cell growth, and AKT-mediated zyxin phosphorylation activates zyxin protein, inhibiting acinus, a promoter of cell apoptosis. An interaction partner for zyxin function is SIRT1. Both zyxin and SIRT1 are induced in the testis in FSTL3 KO in an activin-induced SMAD-dependent manner. SIRT1 action contributes to antiaging effects, thus prolonging testicular function in the FSTL3 KO mouse. This model may provide a novel mechanistic basis for the regulation of testicular size and male reproductive longevity. It indicates multiple roles for FSTL3 in normal testicular function, likely to involve essential negative modulation of cellular proliferation, and in the promotion of normal testicular aging.
